Korzeniewski B, Zoladz JA. Possible mechanisms underlying slow component of V O2 on-kinetics in skeletal muscle. J Appl Physiol 118: 1240 -1249 , 2015 . First published March 12, 2015 doi:10.1152/japplphysiol.00027.2015.-A computer model of a skeletal muscle bioenergetic system is used to study the background of the slow component of oxygen consumption V O 2 on-kinetics in skeletal muscle. Two possible mechanisms are analyzed: inhibition of ATP production by anaerobic glycolysis by progressive cytosol acidification (together with a slow decrease in ATP supply by creatine kinase) and gradual increase of ATP usage during exercise of constant power output. It is demonstrated that the former novel mechanism is potent to generate the slow component. The latter mechanism further increases the size of the slow component; it also moderately decreases metabolite stability and has a small impact on muscle pH. An increase in anaerobic glycolysis intensity increases the slow component, elevates cytosol acidification during exercise, and decreases phosphocreatine and Pi stability, although slightly increases ADP stability. A decrease in the P/O ratio (ATP molecules/O 2 molecules) during exercise cannot also be excluded as a relevant mechanism, although this issue requires further study. It is postulated that both the progressive inhibition of anaerobic glycolysis by accumulating protons (together with a slow decrease of the net creatine kinase reaction rate) and gradual increase of ATP usage during exercise, and perhaps a decrease in P/O, contribute to the generation of the slow component of the V O2 on-kinetics in skeletal muscle. oxidative phosphorylation; anaerobic glycolysis; cytosol acidification; rest-to-work transition; computer model AN INCREASE OF POWER OUTPUT generated by skeletal muscles during rest-to-work or low-to-high-intensity work transition increases pulmonary oxygen uptake (V O 2 ), which in case of a constant power output moderate-intensity exercise (below lactate threshold) reaches steady state within about 2-3 min (25, 43) . During heavy-intensity exercise (above lactate threshold) of constant power output the pulmonary oxygen uptake does not reach a steady state, but progressively increases, leading to the appearance of the so-called "slow component of the V O 2 on-kinetics" (13, 25, 35, 43) . The magnitude of the slow component of the pulmonary V O 2 on-kinetics during severeintensity exercise can exceed 1,000 ml O 2 /min and can account for Ͼ25% of the exercise-induced increase in V O 2 (28). The presence of the slow component of the V O 2 on-kinetics by definition increases the oxygen cost of work, shortens the time to exhaustion, and impairs power generating capabilities at maximal oxygen uptake (V O 2max ) (26, 27, 51) . For these reasons, understanding of the mechanism underlining the slow component of the V O 2 on-kinetics has become a challenge for many researches around the world (13, 35) .
-A computer model of a skeletal muscle bioenergetic system is used to study the background of the slow component of oxygen consumption V O 2 on-kinetics in skeletal muscle. Two possible mechanisms are analyzed: inhibition of ATP production by anaerobic glycolysis by progressive cytosol acidification (together with a slow decrease in ATP supply by creatine kinase) and gradual increase of ATP usage during exercise of constant power output. It is demonstrated that the former novel mechanism is potent to generate the slow component. The latter mechanism further increases the size of the slow component; it also moderately decreases metabolite stability and has a small impact on muscle pH. An increase in anaerobic glycolysis intensity increases the slow component, elevates cytosol acidification during exercise, and decreases phosphocreatine and Pi stability, although slightly increases ADP stability. A decrease in the P/O ratio (ATP molecules/O 2 molecules) during exercise cannot also be excluded as a relevant mechanism, although this issue requires further study. It is postulated that both the progressive inhibition of anaerobic glycolysis by accumulating protons (together with a slow decrease of the net creatine kinase reaction rate) and gradual increase of ATP usage during exercise, and perhaps a decrease in P/O, contribute to the generation of the slow component of the V O2 on-kinetics in skeletal muscle. oxidative phosphorylation; anaerobic glycolysis; cytosol acidification; rest-to-work transition; computer model AN INCREASE OF POWER OUTPUT generated by skeletal muscles during rest-to-work or low-to-high-intensity work transition increases pulmonary oxygen uptake (V O 2 ), which in case of a constant power output moderate-intensity exercise (below lactate threshold) reaches steady state within about 2-3 min (25, 43) . During heavy-intensity exercise (above lactate threshold) of constant power output the pulmonary oxygen uptake does not reach a steady state, but progressively increases, leading to the appearance of the so-called "slow component of the V O 2 on-kinetics" (13, 25, 35, 43) . The magnitude of the slow component of the pulmonary V O 2 on-kinetics during severeintensity exercise can exceed 1,000 ml O 2 /min and can account for Ͼ25% of the exercise-induced increase in V O 2 (28) . The presence of the slow component of the V O 2 on-kinetics by definition increases the oxygen cost of work, shortens the time to exhaustion, and impairs power generating capabilities at maximal oxygen uptake (V O 2max ) (26, 27, 51) . For these reasons, understanding of the mechanism underlining the slow component of the V O 2 on-kinetics has become a challenge for many researches around the world (13, 35) .
A number of factors has been considered as possible causes of the slow component of V O 2 on-kinetics in humans, including recruitment of type II muscle fibers, lactate and hydrogen ion accumulation, elevated arterial catecholamine concentration, increased muscle temperature, enhanced proton leak through the inner mitochondrial membrane, increase of activation of additional muscle groups, intensification of the respiratory muscle activity, etc. (13, 31, 35, 50) , but their role in the mechanism responsible for the origin of the slow component of the V O 2 on-kinetics remains unclear, i.e., it is not known how or to what extend most of the enumerated factors could generate the slow component (13, 31) . It has been demonstrated, however, that the majority (about 85%) of the magnitude of the slow component of the V O 2 on-kinetics measured at the level of lungs (pulmonary V O 2 slow component) originates in skeletal muscles (32) . Moreover, a V O 2 slow component-like response, i.e., a pronounced increase in the V O 2 /force-generated ratio in the case where V O 2 remains approximately constant in contracting muscles, while muscle force production decreases, has been demonstrated in in situ dog muscle preparations (49) . This discovery additionally supports the findings by Poole et al. (32) that indeed the mechanism responsible for the slow component of V O 2 on-kinetics operates in working skeletal muscles above the lactate threshold.
The slow component can be caused by an efficiency decrease on the side of ATP production [decrease in the P/O ratio (ATP molecules/O 2 molecules)] or on the side of ATP consumption (increase in the ATP usage/power output ratio) (50) . The close reciprocal relationship between pulmonary V O 2 and phosphocreatine (PCr) during heavy-intensity constant power output exercise (1, 37, 38) suggests that the latter is more important. On the other hand, the lack of correlation between increase in V O 2 and in total ATP synthesis during heavy exercise (3) suggests that there is some effect on the side of ATP synthesis. The increase in the ATP cost of power generation can be potentially caused either by progressive recruitment of less efficient type II muscle fibers (13) or by a decrease in the efficiency of the already working muscle fibers caused by fatigue (49) . Based on experimental evidence it was rather postulated that disturbances in muscle metabolic stability in the recruited muscle fibers, occurring during high-intensity exercise, gradually decrease muscle mechanical efficiency and thus cause an additional ATP usage, leading to muscle fatigue and the appearance of the slow component of the V O 2 on-kinetics (49) . Recent experiments in this area provide strong evidence that muscle fatigue might indeed play an important role in the origin of the slow component of V O 2 on-kinetics, as shown both in an isolated in situ dog muscle preparation (49) as well as in human studies (4, 42) . However, the ultimate cause of the slow component of V O 2 on-kinetics remains unclear.
Although the slow component originates just after exceeding the lactate threshold (13, 51) , it increases progressively above the so-called "critical power" (10) . The critical power, which corresponds to ϳ60 -80% of V O 2max in healthy adults is represented by the asymptote of the hyperbolic power vs. time to exercise intolerance relationship (10, 14, 33) . Therefore, the critical power is considered as a physiological index of exercise intensity in humans above which no steady state in muscle metabolites such as PCr, P i, ADP free , and H ϩ can be maintained and the slow component of the V O 2 on-kinetics occurs (10, 14, 33, 35) . An abstract relation between the slow component and the power-duration curve was analyzed theoretically in Ref. 21 .
It has been demonstrated that the rate-controlling steps of glycolysis, namely glycogen phosphorylase and phosphofructokinase, are inhibited by H ϩ ions in vitro (7) . It has been also proven that muscle acidification inhibits anaerobic glycolysis in intact human skeletal muscle during heavy exercise (41) . Namely, acidosis caused by NH 4 Cl administration significantly decreased muscle and plasma lactate, while alkalosis caused by NaHCO 3 administration elevated muscle and plasma lactate in relation to control (41) .
In the present theoretical study in which we used a computer model of the skeletal muscle bioenergetic system developed previously (19, 20) , we analyzed two potential mechanisms that can be responsible for the generation and/or increase in the magnitude of the slow component of the V O 2 on-kinetics in skeletal muscle during heavy-intensity exercise. The first novel mechanism postulated by us is a progressive inhibition of ATP supply by (anaerobic) glycolysis caused by gradual proton accumulation in cytosol [accompanied by a slow decay of the ATP supply by creatine kinase (CK)], which leads to a progressive increase in P i and ADP that activate ATP production by oxidative phosphorylation, and thus elevate V O 2 during exercise. The second mechanism is a gradual increase during heavy-intensity exercise of an "additional" ATP usage at a constant power output (PO).
We hypothesize that both mechanisms, and possibly a decrease in P/O during exercise, contribute significantly to the generation of the phenomenon of the slow component.
THEORETICAL METHODS
Computer model. The theoretical model of skeletal muscle cell bioenergetics including anaerobic glycolysis developed by Korzeniewski and Liguzinski (19) , based on the earlier model by Korzeniewski and Zoladz (20) , was used in the present study. This model comprises particular oxidative phosphorylation (OXPHOS) complexes (complex I, complex III, complex IV, ATP synthase, ATP/ ADP carrier, and P i carrier), anaerobic glycolysis, creatine kinase (CK), ATP usage, NADH supply, and proton efflux/influx.
The model has been broadly validated by comparing its predictions with experimental data and used for numerous theoretical studies (17, 18) . The complete model description of the skeletal muscle bioenergetic system including anaerobic glycolysis is located on the website http://awe.mol.uj.edu.pl/ϳbenio/.
Simulation procedures. We aimed to model at least semiquantitatively the on-(rest-to-work) transition during moderate-and heavyintensity exercise in human skeletal muscle. The simulations were made for two exercise intensities: moderate-intensity exercise and heavy-intensity exercise. We assumed (as in Ref. 23 ) that the activity (rate constant) of ATP usage (hydrolysis) is elevated 30 times during transition from rest to moderate-intensity exercise, and 80 times during transition from rest to heavy-intensity exercise. This gave the value of muscle V O2 equal to about 3.7 mM/min during moderateintensity exercise and to about 9.2 mM/min after 5 min of heavyintensity exercise without additional ATP usage (see below, Simulation 3). At the same time we assumed that oxidative phosphorylation is activated (the rate constants of complex I, complex III, complex IV, ATP synthase, ATP/ADP carrier, phosphate carrier, and NADH supply are increased) 30 0.5 and 80 0.5 times during rest to moderateand heavy-intensity exercise transition, respectively. This corresponds to the so-called each-step-activation (ESA) mechanism (15, 17, 18) . The increase in the rate constants of the oxidative phosphorylation complexes was not instantaneous, but occurred in the exponential way:
where m is the current activation (ratio of the current rate constant to the resting rate constant), N is the relative activation of ATP usage during exercise (30 and 80 for moderate-and heavy-intensity exercise, respectively), the power coefficient, p ϭ 0.5, expresses the intensity of ESA, (ON) ϭ 3 s is the characteristic activation time of the activation of oxidative phosphorylation, and t stands for the time after the onset of exercise. The power coefficient p less than 1 means that OXPHOS is directly activated in parallel with ATP usage during rest-to-work transition, but to a smaller extent than the latter. Therefore, such a situation corresponds to the so-called "mixed mechanism," where a direct activation cooperates in the regulation of OXPHOS with the activation through an increase in ADP and Pi (negative feedback mechanism) (18) . The value of p (and consequently the slope of the phenomenological V O2-ADP relationship) can differ significantly between different systems/experiments (18) . In the present theoretical study, OXPHOS complexes are directly activated 30 0.5 ϭ 5.5 times during transition to moderate exercise and 80 0.5 ϭ 8.9 times during transition to heavy exercise. It was assumed that there was essentially no anaerobic glycolysis (and consequently no net H ϩ and lactate production) in moderate-intensity exercise (pyruvate and NADH supply by glycolysis and TCA cycle exactly equal to NADH usage by OXPHOS: 0.2 ϫ vDEHY ϭ vGLYC). During transition to heavyintensity exercise glycolysis was activated (its rate constant kGLYC was elevated) instantaneously 80 0.7 ϭ 21.5 times at the onset of exercise. The need for this direct parallel activation of glycolysis was demonstrated by Korzeniewski and Liguzinski (19) . Generally, the parameters used were as in our previous article (23) .
The rate of glycolysis in heavy-intensity exercise was described by the following simple semiquantitative equation (19):
where kGLYC is the rate constant of glycolysis, ADPte is the cytosolic total (magnesium-bound and magnesium free) free ADP concentration, H ϩ rest ϭ 10 Ϫ7 M (pH ϭ 7.0) is the resting proton concentration, and H ϩ is the current proton concentration. Therefore, the inhibition of glycolysis by protons (7) was taken into account. The rate of anaerobic glycolysis was equal to vGLYC Ϫ 0.2 ϫ vDEHY, where vGLYC is the rate of glycolytic pyruvate supply (which is related to supply of 5 NADH/FADH2 molecules by TCA cycle), while vDEHY is the rate of NADH/FAD2 oxidation by the respiratory chain.
In one simulation of rest-to-heavy-intensity exercise transition (Simulation 2, see below) it was assumed that (anaerobic) glycolysis is not inhibited by protons, and therefore the following kinetic description of the rate of glycolysis was used:
where Ḣ e ϩ is the rate of the change in cytosolic H ϩ concentration, vC4, vC3, vC1, vSN, vEX, vPI, vLK, vCK , and vEFF are the rates of complex IV, complex III, complex I, ATP synthase, ATP/ADP carrier, Pi carrier, proton leak, creatine kinase, and proton efflux/influx, respectively; u ϭ 0.861 is the ⌬⌿/⌬p ratio, s ϭ 0.63-(pHe-6.0) ϫ 0.43 is the proton stoichiometry for creatine kinase Lohman reaction, and rbuffe is buffering capacity coefficient for H ϩ in cytosol; rbuffe ϭ cbuffe/c0e, cbuffe ϭ 0.025 M H ϩ /pH unit is the buffering capacity for H ϩ in cytosol, and c0e ϭ (10 -pHe -10 -pHe-dpH )/dpH is the "natural" buffering capacity for H ϩ in cytosol. The following simulations were carried out: Simulation 1, moderate exercise; Simulation 2, heavy exercise without glycolysis inhibition by protons and without additional ATP usage; Simulation 3, heavy exercise with glycolysis inhibition by protons and without additional ATP usage; Simulation 4, heavy exercise with glycolysis inhibition by protons and with a gradual linear increase in ATP usage by 20% during 5 min of exercise (the additional ATP usage started to increase from 0% at the onset of exercise). The intensity of the additional ATP usage was described by the following equation: v UTadd ϭ vUT ϫ 0.2 ϫ tex/5 min, where vUTadd is the additional ATP utilization, vUT is the "basic" ATP utilization during exercise, and tex is the time from the onset of exercise.
Simulation 5 consisted of heavy exercise with glycolysis inhibition by protons and without additional ATP usage, and with intensified (anaerobic) glycolysis. The rate constant of glycolysis was increased 80 0.8 times instead of 80 0.7 times at the onset of exercise in this simulation.
In the simulation of the time course of muscle V O2 that was intended to reproduce previously published experimental data, exactly the same parameter values were used as in Simulation 4 (heavy exercise with glycolysis inhibition by protons and with a gradual linear increase in ATP usage by 20% during exercise), with the only exception that ATP usage was activated 95 times instead of 80 times during rest-to-work transition (and consequently OXPHOS complexes were activated 95 0.5 ϭ 9.7 times and glycolysis was activated 95 0.7 ϭ 24.2 times). The onset of exercise in computer simulation was delayed by 27 s in relation to experiment to take into account the cardiodynamic phase of the V O2 on-kinetics.
RESULTS
Computer simulations demonstrated that during moderateintensity exercise, in the absence of anaerobic glycolysis, the system quickly reached a steady state after about 1.5 min. There was no slow component of V O 2 during on-transient. This can be seen in Fig. 1A . ADP rises about three times (Fig. 1A) , PCr decreases by about 7 mM, and cytosolic P i increases by about 5.5 mM during rest-to-moderate-intensity work transition (Fig. 1B) (the size of changes in PCr and cytosolic P i is not equal because there is some redistribution of P i between cytosol and mitochondria). pH slightly increases at the onset of exercise (due to the reaction catalyzed by CK) and then slowly approaches the resting value (7.0) (Fig. 1A) . At the beginning of exercise ATP is synthesized mostly by CK, but ATP production is quickly taken over by oxidative phosphorylation (Fig. 1C) .
During heavy-intensity exercise without glycolysis inhibition by protons (Eq. 3) and without additional ATP usage, almost no slow component of the V O 2 on-kinetics can be observed, only a tiny increase in V O 2 during 5 min of exercise is present. This is shown in Fig. 2A . This small effect is related to a gradual slow decay of ATP supply by CK-catalyzed reaction (see Fig. 2C ). Because glycolysis is activated here more than OXPHOS, directly at the onset of exercise and afterwards through an increase in ADP (compare Eq. 3), anaerobic glycolysis appears. In the absence of (anaerobic) glycolysis inhibition by protons the intensity of anaerobic glycolysis is essentially constant during exercise (Fig. 2C) , and a substantial acidification of cytosol (by almost 0.5 pH units) can be observed during 5 min of exercise ( Fig. 2A) (and it can be seen that this acidification would still significantly increase afterwards). As a consequence of a shift in the CK-catalyzed reaction, PCr decreases and P i increases significantly during exercise (Fig. 2B) . On the other hand, ADP is slightly lower during exercise than in the case with glycolysis inhibition by protons (compare Fig. 3 ) because the overall ATP-producing block is more active during exercise. Generally, however, in the absence of glycolysis inhibition by protons the slow decrease in the rate of ATP supply by CK can generate only a small slow component. During heavy-intensity exercise with glycolysis inhibition by protons (Eq. 2) and without additional ATP usage, a moderate slow component can be observed; V O 2 increases continuously during exercise and no real steady state is reached. This can be seen in Fig. 3A . This effect is caused by a progressive inhibition of (anaerobic) glycolysis by accumulating protons, due to Eq. 2. Here, as in the previous simulation, glycolysis is first activated directly at the onset of exercise and afterwards through an increase in ADP (compare Eq. 2), leading to anaerobic glycolysis, but afterward it is partly inhibited by H ϩ ions (see Fig. 3C ). The ATP supply by anaerobic glycolysis reaches almost 10 mM/min soon after the onset of exercise, but then gradually drops about twice in the course of exercise because of cytosol acidification (Fig. 3C) . Indeed, in this simulation, pH drops by 0.23, from 7.0 to 6.77 at the end of simulation because of the presence of anaerobic glycolysis. The (anaerobic) glycolysis inhibition by protons that causes the cytosol acidification is here much smaller than in the previous simulation (shown in Fig. 2 ) and slows down very significantly after 5 min of exercise. When the ATP supply by anaerobic glycolysis (and by CK-catalyzed reaction) becomes limited, the lacking fraction of ATP synthesis is taken over by oxidative phosphorylation (which is stimulated by an increase in P i and ADP) (Fig. 3C) , which is related to an increase in V O 2 (Fig. 3A) . ADP increases over four times, PCr decreases by about a half, and P i increases over five times between rest and the end of simulation for heavy exercise. Generally, the decrease in ATP supply by anaerobic glycolysis and CK results in a significant slow component in the V O 2 on-kinetics, much greater than in the absence of the glycolysis inhibition by protons (compare Fig. 2) . The absolute intensity of (anaerobic) glycolysis is greater in Simulation 2 (Fig. 2 ) than in Simulation 3 (Fig. 3) , whereas the size of the slow component is greater in the latter. However, the size of the slow component is proportional to the extent of the (anaerobic) glycolysis inhibition by H ϩ and not to the absolute intensity of (anaerobic) glycolysis.
A gradual linear increase of ATP usage during exercise, in other words a presence of an additional ATP usage equal to 0% of the basal exercise ATP usage at the onset of exercise and 20% of the basal exercise ATP usage after 5 min of exercise, significantly enhances the slow component of V O 2 on-kinetics. This can be seen in Fig. 4A . Elevated ATP usage stimulates oxidative phosphorylation through increased ADP and P i levels ( Fig. 4C ) and thus increases V O 2 and the slow component. However, generally the decrease of the metabolite (ADP, P i , PCr) stability caused by the additional ATP usage is rather moderate (Fig. 4, A and B) . Also pH is only slightly affected (Fig. 4A ).
An increase in the activity of (anaerobic) glycolysis during heavy-intensity exercise without additional ATP usage has several effects. This is shown in Fig. 5 . First of all, the size of the slow component of the V O 2 on-kinetics increases (in relation to the situation without additional ATP usage and with lower glycolysis activity; simulation shown in Fig. 3 ) (see Fig.  5A ). However, this is not caused by an increase of V O 2 after 5 min of exercise, but rather by a decrease of a relative V O 2 just after the onset of exercise; a greater fraction of ATP is produced there by anaerobic glycolysis. The cytosol acidification during 5 min of exercise increases (pH drops by 0.33 pH units to 6.67 after 5 min of exercise), and the stability of PCr and P i decreases (because of the shift in CK equilibrium caused by a greater cytosol acidification), while the stability of ADP slightly increases (because of the increase in the activity of the whole ATP-producing system).
Simulations made with our computer model of skeletal muscle bioenergetic system reproduce very well our experimental data concerning the time course of V O 2 during rest-toheavy-exercise transition published previously (52) . This is shown in Fig. 6 . One can see that the simulated primary and slow component of the V O 2 on-kinetics agree well with the experimental ones. Because all parameter values but one were identical as in Simulation 4 presented in Fig. 4 , the simulated changes in metabolites and pH are similar to (slightly greater than) the changes presented in Fig. 4 . Namely, ADP increased from 6.6 to 37.3 M, pH decreased from 7.0 to 6.72, ATP decreased from 6.694 to 6.662 mM, PCr decreased from 28.740 to 10.350 mM, and P i increased from 2.748 to 17.450 mM. Nevertheless, it must be stressed that different V O 2 kinetics during work transitions in skeletal muscle are encountered in various experimental studies, and therefore in each case a slightly different set of parameters would have to be adjusted to reproduce them.
DISCUSSION

Inhibition of glycolysis by H
ϩ . In the present theoretical study, two possible mechanisms underlying the slow component of the V O 2 on-kinetics in skeletal muscle are considered. According to the first novel mechanism the gradual proton accumulation in cytosol during heavy-intensity exercise, i.e., above the lactate threshold, progressively inhibits (anaerobic) glycolysis. As a result, ATP supply by anaerobic glycolysis decreases during exercise. It must be stressed that the decrease in the anaerobic glycolysis flux during exercise and not the absolute intensity of anaerobic glycolysis is relevant here. Additionally, the ATP production by CK also slowly decays during exercise. Because ATP production must match ATP consumption, the lacking ATP synthesis is taken over by OXPHOS, which is stimulated by a progressive increase in P i and ADP. An inhibition of glycolysis by H ϩ ions at the stage of glycogenolysis (glycogen phosphorylase, a flux-generating enzyme for glycolysis in skeletal muscle) and phosphofructokinase (another rate-controlling enzyme) is well documented in experimental studies in vitro (7) . However, what is much more important, a significant inhibition of anaerobic glycolysis by H ϩ has been encountered in intact skeletal muscle during heavy exercise in humans (41) . Namely, muscle acidification by NH 4 Cl significantly decreased plasma and muscle lactate during exercise, while muscle alkalization by NaHCO 3 elevated plasma and muscle lactate in relation to control.
The conclusion that plasma/cytosol acidification inhibits ATP supply by (anaerobic) glycolysis is in agreement with our previous experimental finding that preexercise NH 4 Cl ingestion causing metabolic acidosis increases the size of the pulmonary slow component of the V O 2 on-kinetics in humans (48) .
The progressive decrease in the flux of ATP supply by anaerobic glycolysis during heavy-intensity exercise (accompanied by a slow decrease of ATP supply by CK), compensated by an increase in the ATP supply by OXPHOS, is presented in Fig. 3C . The anaerobic glycolysis is inhibited only partially by protons (Fig. 3C ) and therefore pH continues to slowly decrease during exercise. The resulting gradual increase in V O 2 during exercise can be seen in Fig. 3A . At the same time, Fig. 1 demonstrates that during moderate-intensity exercise, i.e., below lactate threshold, where no or minor anaerobic glycolysis occurs and no H ϩ accumulation takes place, there is no slow component of V O 2 and the system reaches a steady state. Fig. 2 shows that even during heavy-intensity exercise where anaerobic glycolysis is present, but when it is not inhibited by protons, only a small slow component appears.
It is well known that the magnitude of the pulmonary slow component correlates with the plasma lactate concentration. On the other hand, the greatest acidification can be seen in the simulation shown in Fig. 2 , where no slow component is present, which seems to be a paradox. However, the size of the slow component is not proportional to the absolute value of cytosol acidification, but to the extent of the (anaerobic) glycolysis inhibition by accumulating protons.
Generally, the (anaerobic) glycolysis inhibition by H ϩ can be a protective mechanism preventing excessive cytosol (and blood plasma) acidification during heavy exercise.
Additional ATP usage. In the second mechanism, a continuous increase in ATP usage during heavy-intensity exercise of a constant power output takes place. In other words, the ATP/PO ratio increases gradually. The simulated effect of this additional ATP usage increasing from 0% at the onset of exercise to 20% of the basal ATP usage during 5 min of exercise is shown in Fig. 4 . It can be seen that the additional ATP usage significantly increases the size of the slow component, which is already present because of the action of the first mechanism (inhibition of anaerobic glycolysis by protons plus slowing down CK-catalyzed reaction). The additional ATP usage decreases moderately, depending on its intensity, the stability of metabolite (ADP, PCr, P i ) concentrations, while it has a small impact on pH decrease during exercise.
The simulation presented in Fig. 4 is similar to the recently published experimental data for heavy exercise during bilateral knee extension exercise presented in (3; compare Fig. 1 and Table 1 therein). The slow component of the V O 2 on-kinetics starts about 1.5 min after the onset of exercise, PCr drops slightly below 50% of the resting value during exercise, and pH drops by over 0.2 pH units. The simulated contribution of anaerobic glycolysis to ATP synthesis after 3 min of exercise (7%) is slightly greater than the experimental one (4%).
The simulated muscle V O 2 equivalent (after recalculation) to oxidative ATP production in our Simulation 4 and simulation presented in Fig. 6 after 3 Table 1 therein), assuming the phenomenological P/O ratio of 5.5]. However, first, the differences in V O 2 between Cannon et al. (3) and our simulations matching well our experimental data are not surprising, because our experimental data and the data presented in Cannon et al. (3) were collected in different kinds of exercise conditions (cycling in supine position involving most leg muscles vs. bilateral knee extension exercise in prone position involving mostly quadricepses). This could influence the V O 2 on-kinetics (12) and therefore the V O 2 vs. muscle metabolites level during exercise in these experimental conditions (22) . As it has been discussed and reviewed previously (16, 18) , the slope of the phenomenological V O 2 -ADP relationship can be very different in different muscles/experimental conditions. According to Fig. 6 . Fit of simulated time course of muscle V O2 during rest-to-heavyexercise transition to experimental data. Experimental data concerning pulmonary V O2 were taken from Zoladz et al. (52) and recalculated to muscle V O2 under assumption that the leg skeletal muscles at rest consume 20% of the pulmonary V O2 (24) and intensively working leg muscles (10 kg) during cycling at 87% V O2max consume ϳ85% of the pulmonary V O2 (29) . The experimental data contain the cardiodynamic phase of the pulmonary V O2, which is of course absent in the simulated course of O2 consumption by myocytes.
ESA there is no unique slope of the phenomenological V O 2 -ADP relationship. In the model this is reflected by different values of the power coefficient p (different ESA intensities). Therefore, in principle, there is no contradiction between different slopes of the phenomenological V O 2 -ADP relationship in Cannon et al. (3) and in our study. Second, the oxidative ATP supply was estimated by Cannon et al. (3) by fitting a simple kinetics to the PCr recovery time course after termination of exercise. Nevertheless, this method of estimation of oxidative ATP synthesis is only approximate and can lead to underestimation of this synthesis, due to, e.g., ignoring a possible role of the decay of ESA during recovery. The slow decay of ESA generates in some cases the PCr recovery overshoot that certainly could not be accounted for by this approach (16, 23) . The data reported in Cannon et al. (3) can be simply described by a lower value of p coefficient. Third, our simulations predict reasonable changes in metabolites and pH during rest-to-heavy-exercise transition, and at the same time give an excellent agreement with experimental data showing high increase in V O 2 , as can be seen in Fig. 6 .
It was reported in another experimental study (40) that transition to heavy exercise (75% of V O 2max ) resulted in a decrease of PCr to 43% of its resting value after 10 min of cycling, what was accompanied by an increase in pulmonary V O 2 to 3.1 l/min. This corresponds to 11.7 mM/min of muscle V O 2 , assuming 10 kg of intensively working muscles, 0.24 l/min of resting V O 2 in other (than leg muscles that intensively work during exercise) tissues (24) , and 8% of O 2 consumption during work by auxiliary tissues. The same result is obtained under assumption that 85% of V O 2 in heavy exercise is due to working muscle exercise (29) . Both the measured V O 2 and relative decrease in PCr agree well with the values simulated in Simulation 4 in the present theoretical study.
The discussed mechanism can be related to the increase of muscle metabolite concentrations involved in muscle fatigue such as P i , ADP, and H ϩ leading to muscle fatigue and decrease of efficiency (increase in ATP/PO ratio) (2, 10, 46, 49, 50) of the recruited muscle fibers (49) . Accordingly, it has been reported that pharmacologically induced increase in the blood/muscle acidification can increase the magnitude of the slow component (48) , by a decrease in muscle efficiency (increase in the ATP/PO ratio), and consequently by an increase in the additional ATP usage at constant PO (10) . On the other hand, some contribution of less efficient type II fibers recruitment is still considered by some authors (13) . Also a limitation of O 2 supply by blood that can lead during heavyintensity exercise to a decrease in O 2 level, would cause changes in metabolite concentrations (increase in ADP and P i , decrease in PCr) (11, 45) , resulting in a decrease in muscle efficiency and the appearance of additional ATP usage.
It must be emphasized that mechanisms that generate the slow component of the V O 2 on-kinetics in skeletal muscle during constant power output heavy-intensity exercise can also be responsible for the slow-component-like response where V O 2 remains approximately constant during work, but power output decreases gradually (49) . For in both cases, that is the slow component and slow-component-like response, the V O 2 / power output (or O/PO) ratio gradually increases during exercise.
Slow component and lactate threshold. To our knowledge, the slow component (or the slow-component-like response, see Ref. 49 ) is normally present above the lactate threshold where protons are released by anaerobic glycolysis, although its intensity can change from case to case, depending, among other things, on how far the system (the power output) is above the lactate threshold (51) . It has been demonstrated the experimental way in that the magnitude of the slow component is linearly related to the amount of lactate accumulated in blood (33, 39, 44) . Moreover, a training-induced decrease in blood lactate concentration is correlated with the attenuation of the magnitude of the slow component in humans (5) . On the other hand, the slow component is normally not observed below the lactate threshold. The novel mechanism of the slow component postulated by us, related to progressive inhibition of the ATP supply by (anaerobic) glycolysis by accumulating protons during exercise, associates, in a sense automatically, the slow component with the lactate threshold. However, this does not mean that lactate is the factor generating the slow component, but only that lactate release accompanies this phenomenon, for the same reason as the slow component: anaerobic glycolysis and proton accumulation. This is in accordance with experimental data showing that pharmacologically induced enhancement of blood lactate concentration had no effect on the magnitude of V O 2 slow component in humans (9, 47) . Moreover, direct infusion of L-(ϩ)-lactate markedly increasing lactate concentration in the blood and in the contracting muscles did not significantly affect V O 2 in contracting dog gastrocnemius muscle (30) .
The mechanism involving the anaerobic glycolysis inhibition by accumulating protons could explain the fact that the slow component of the V O 2 on-kinetics is tightly associated with muscle/blood acidification and lactate threshold. Additionally, the shift in CK equilibrium caused by acidification is also related to anaerobic glycolysis.
In our opinion the additional ATP usage increasing gradually during exercise is also present during high-intensity exercise, because of accumulation of metabolites such as ADP, P i , and H ϩ , potent to induce muscle fatigue associated with a decrease of muscle efficiency (46, 49, 50) of the recruited muscle fibers (49) and therefore with an elevated ATP usage for the same power output unit.
Anaerobic glycolysis intensity. An intensification of anaerobic glycolysis at the onset of exercise increases the size of the slow component, as can be seen in Fig. 5 . However, this effect is due to a decrease in V O 2 in the initial stages of exercise (first minute) rather than to an increase in V O 2 after 5 min of exercise. An increased ATP supply by anaerobic glycolysis causes that less ATP is needed from OXPHOS to match ATP usage. An intensified anaerobic glycolysis is associated with an increase in cytosol acidification during exercise, a decrease in the stability of PCr and P i (due to a shift in CK equilibrium), and a slight improvement of ADP stability (due to activation of the overall ATP supply). Of course, a decrease in the (anaerobic) glycolysis, associated for instance with a shift of the lactate threshold to higher power outputs, would have an opposite effect: it would cause a decrease in the slow component and in cytosol acidification. A similar effect (decrease in slow component and in cytosol acidification) would be caused by an increase (e.g., training-induced) of ESA intensity during heavy exercise (that also accelerates the V O 2 on-kinetics; see Ref. 22 ). This would diminish the relative ATP supply from anaerobic glycolysis (not shown).
An increase in anaerobic glycolysis activity and cytosol acidification is associated with a slowing down of the V O 2 on-kinetics (Fig. 5 vs. Fig. 3 ). Cerretelli et al. (6) observed that an increase in lactate accumulation during exercise is associated with longer t 1/2 of the V O 2 on-kinetics.
Direct confrontation with experimental study. To make a direct, quantitative comparison of computer simulations with experimental data, we modeled our previously published experimental data concerning the V O 2 time course during restto-heavy exercise transition (52) . The comparison of experimental and theoretical results is presented in Fig. 6 . The experimental pulmonary V O 2 was recalculated into muscle V O 2 as described in the legend of Fig. 6 . It can be seen that a very good agreement of computer simulations with experimental measurements takes place. This is especially important because most parameter values used in the discussed simulation are identical with that used in Simulation 4; only the relative increase in the activity of ATP usage is slightly higher (95 vs. 80 times). The good agreement between the experimental and simulated V O 2 during heavy exercise testifies that a realistic oxidative ATP synthesis was assumed in the computer model.
On the other hand, it must be stressed that the V O 2 onkinetics in skeletal muscle, including the size of the slow component, differs significantly between different experiments. Therefore, slightly different parameter values would have to be adjusted to reproduce the experimental data strictly and quantitatively in each particular case.
However, generally it seems that computer simulations of the type of Simulation 4, i.e., taking into account both (anaerobic) glycolysis inhibition by protons and additional ATP usage during exercise, reproduce experimental data well.
Other mechanisms. Other potential mechanisms responsible for the generation of the slow component of the V O 2 onkinetics should be also discussed. One of them is a progressive uncoupling of OXPHOS during exercise, i.e., an increase in the proton leak through the inner mitochondrial membrane, resulting in a decrease in the phenomenological P/O ratio (amount of ATP molecules produced per one consumed O 2 molecule). Within the model, the proton leak is responsible for about 60% of V O 2 at rest, in agreement with the experimental data (34) . During heavy-intensity exercise, however, the proton leak accounts for only 1.2% of V O 2 . For this reason, even if it is activated, say, twice, for instance, because of a rise in temperature or activation of UCP3, this would have a rather small effect on the muscle V O 2 during this kind of exercise. Nevertheless, it cannot be excluded that an increase in the proton leak during exercise exerts some rather minor effect. Also, the close reciprocal relationship between pulmonary V O 2 and PCr during heavy-intensity constant power output exercise (1, 37, 38) speaks against a significant contribution of a possible decrease in the P/O ratio as the mechanism underlying the slow component of the V O 2 on-kinetics in skeletal muscle. On the other hand, the lack of correlation between an increase in V O 2 and in total ATP synthesis during heavy exercise (3) suggests that there is some effect on the P/O ratio. However, the method of determination of the oxidative ATP synthesis during exercise used in this study can lead to underestimation of this synthesis, as discussed above. Generally, the mechanism of the potential decrease in the P/O ratio remains unclear.
As to other proposed factors that accompany muscle fatigue and the slow component, for instance lactate accumulation, elevated arterial catecholamine concentration, increased muscle temperature, increase of activation of additional muscle groups, or intensification of the respiratory muscle activity, it is not clear how (by which mechanism) or to what extent they could generate or enhance the slow component phenomenon at a constant PO (31) .
General mechanism. Generally, the slow component results from the fact that the rate of ATP production must match the rate of ATP usage. When the former becomes slower than the latter, either as a result of a progressive inhibition of ATP supply by anaerobic glycolysis and a slow decrease of ATP production by CK, or because of a gradual increase of ATP usage in the course of exercise of constant power output, OXPHOS is activated by elevated levels of ADP and P i , and the perfect balance between ATP supply and ATP usage is restored. A decrease of ATP supply by anaerobic glycolysis and by CK cooperate in the generation of the slow component. However, in the absence of the former (and in the absence of the additional ATP usage) only a small slow component is generated by the gradual decay of the ATP supply by CK alone (compare Fig. 2) .
Limitations of the study. The kinetic description of the inhibition of glycolysis by H ϩ within the model (Eq. 2) is certainly only semiquantitative. However, we do not claim that our theoretical predictions are strictly quantitative; our aim is first of all to demonstrate a general effect of glycolysis inhibition by protons. Generally, computer models are only approximations of complex reality. These kinds of models can also say nothing about the particular mechanisms of many processes, e.g., of glycolysis inhibition by H ϩ . The model describes "averaged" skeletal muscle containing type I and type II fibers. Therefore, it cannot distinguish between an increase in ATP cost of exercise caused by already working fibers fatigue and by recruitment of less efficient type II fibers. The big NADH supply block (including mitochondrial NADH shuttles) is treated within the model as a black box and described by a single kinetic equation. Our simulations do not involve a possible decrease in the P/O ratio during exercise, although some studies suggest this possibility. The model assumes that glycolysis activation starts from the onset of exercise, in agreement with several experimental data (7), although some studies suggest some delay (8) . The model does not involve P i trapping in glycolytic intermediate metabolites (phosphomonoesters) and therefore cannot explain the constancy of P i in the presence of the slow component observed in some studies (e.g., 36). On the other hand, in other studies in which the slow component is observed P i increases during exercise in humans (37) . In the case when P i is constant during exercise, a greater increase in ADP would activate OXPHOS. Therefore, the possible constancy of P i does not affect our general conclusions. It must be emphasized that the modeled shape of the slow component refers to the muscle and not the pulmonary slow component. However, it was demonstrated that about 85% of the pulmonary slow component is due to the muscle slow component (32) . Anyway, this shape is somewhat different in different experiments.
However, in our opinion, the enumerated limitations do not significantly affect the main conclusions of the present study. Of course, theoretical predictions must be finally confirmed experimentally before they are accepted as true. The role of computer models may be to suggest what is worth study and what to look for. Therefore, our theoretical predictions could stimulate and direct future experimental studies.
CONCLUSIONS
Two possible mechanisms underlying the slow component of the V O 2 on-kinetics in skeletal muscle during heavy-intensity exercise were analyzed with a computer model of the skeletal muscle bioenergetic system. The progressive inhibition of the ATP supply by (anaerobic) glycolysis by protons accumulating during exercise (accompanied by a gradual decrease in the ATP supply by creatine kinase), being a novel mechanism postulated by us, if present, would lead to the slow component. This is because the diminished ATP supply by anaerobic glycolysis (ϩCK) must be taken over by oxidative phosphorylation (stimulated by increasing P i and ADP) to match the ATP usage for muscle contraction. An additional ATP usage gradually increasing during exercise of heavy intensity, caused by a fatigue-related progressive decrease of efficiency of the recruited muscle fibers (an increase of the ATP/PO ratio), induced by accumulation of metabolites such as P i , H ϩ , and ADP can constitute a second mechanism that further increases the size of the slow component already present because the action of the first mechanism. The size of the slow component can also be increased by an increase of the intensity of (anaerobic) glycolysis and thus of cytosol acidification during exercise, but rather through a decrease in V O 2 in the initial stages of exercise than through an increase in V O 2 after 5 min of exercise. We cannot also exclude a decrease in the P/O ratio during exercise somehow contributing to the generation of the slow component of the V O 2 on-kinetics in skeletal muscle, although this mechanism requires further study. 
